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(57) ABSTRACT

Disclosed are a method for ultrasonic fatigue testing at high
temperature and a testing device without needing prelimi-
nary Young’s modulus measurement, and a method for
ultrasonic fatigue testing at high temperature and a testing
device capable of securing heat insulation for protecting a
vibrator without water cooling of a horn, measuring end
surface displacement of a test specimen in a noncontact
manner, and solving problems of a noncontact temperature
measurement of a test specimen and temperature control.
Young’s modulus is calculated by inverse calculation, a rod
and a horn having heat resistance, heat insulation, and
temperature symmetry of a test specimen are used, laser
light is irradiated and received from an oblique direction to
measure end surface displacement, and a noncontact tem-
perature measurement of a test specimen by a black-body
coating and a two-color radiation thermometer and tempera-
ture control by a high-frequency coil having a special shape
are performed.
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1
METHOD FOR ULTRASONIC FATIGUE
TESTING AT HIGH TEMPERATURE, AND
TESTING DEVICE

TECHNICAL FIELD

The present invention relates to a method for ultrasonic
fatigue testing at high temperature, and a testing device. In
particular, the present invention relates to a method and
device for carrying out an ultrasonic fatigue test with high
precision by a new advanced technology of control of stress
amplitude to be applied to a test specimen and temperature
control of the test specimen at high temperature.

BACKGROUND ART

An ultrasonic fatigue test is a fatigue testing method
which uses resonance with free vibration of a test specimen
(NPL 1).

The ultrasonic fatigue test is a powerful tool which can
realize an ultrafast fatigue test at 20 kHz 200 cycles higher
than the normal, and performs a gigacycle fatigue test 10°
cycles or more.

In a turbine blade, such as a gas turbine, it is known that
kHz order vibration occurs during operation. In simulating
fatigue due to fast vibration, it can be said that the ultrasonic
fatigue test is an optimum testing method.

From this point, it is desirable to develop an ultrasonic
fatigue testing device which can perform a test at high
temperature. However, since this method is special, in
realizing a test at high temperature, there are many problems
to be solved.

The ultrasonic fatigue test is a testing method in which the
entire system having a vibrator, a horn configured to expand
amplitude, and a test specimen is in a resonance state to
cause stress amplitude in the test specimen. FIG. 12 is a
schematic view of the basic configuration of a high-tem-
perature ultrasonic fatigue testing device. An ultrasonic
fatigue testing device 100 includes horns 103 which are
attached to both ends of a test specimen 106, an ultrasonic
oscillation device 102 which is arranged in one horn 103, a
load frame 128 which applies an average load, and a high
frequency heating coil 127 which heats the test specimen
106.

In this case, the output of the ultrasonic oscillator is
adjusted, and displacement amplitude (end surface displace-
ment) of the end surface of the test specimen is controlled,
thereby adjusting stress amplitude to be applied to the test
specimen.

The relationship between end surface displacement and
stress amplitude can be obtained by solving Expression (1)
(NPL 1).

[Math. 1]

U” () + POU' (%) + k2 U(x) = 0 (69)

[Math. 2]

Pl = §'(x) (2)
S(x)

[Math. 3] 3

k=27rf\/g

Here, U(x) denotes displacement amplitude, S(x) denotes
a cross-sectional area, f denotes a resonance frequency, E
denotes Young’s modulus, and p denotes density.

2

When an hourglass test specimen shown in FIG. 13 is
used, the cross-sectional area S(x) is expressed by Expres-
sions (4) and (5).

[Math. 4]
1 d2 4
S(x) = %dlzcoshz(wx)w = Hcosh’l(ﬁ), @
10 O=sx=<Ll
Math. 5]
St = %dzle <x=Ll+12 ©)
15

Here, d1 denotes a minimum part diameter, d3 denotes a
shoulder part diameter, .1 denotes an R part half-length, and
L2 denotes a shoulder part length.
When Expressions (1) to (5) are solved, the number of
20 undetermined coeflicients becomes four. Meanwhile, there
are five environmental conditions to be satisfied including 1)
displacement amplitude at the center of the test specimen is
zero, 2) strain amplitude in the end surface of the test
specimen is zero, 3) end surface displacement to which
displacement amplitude is input at the same position, and
continuity of 4) strain amplitude and 5) displacement ampli-
tude in the boundary of an R part and a shoulder part.
That is, since the number of environmental conditions is
greater than the number of undetermined coefficients by one,
30 one of the dimensional parameters of the test specimen is
restricted. This becomes a resonance condition in designing
the test specimen, and the shoulder part length .2 which is
most readily adjusted usually conforms to the resonance
condition.
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Technical Problem
60

Although Expressions (1) to (5) can be analytically solved
at normal room temperature, since Young’s modulus
depends on temperature, Young’s modulus becomes a vari-
able E(x) associated with the temperature distribution of the
test specimen at high temperature.

In this case, although Expressions (1) to (5) are numeri-
cally solved, at this time, it is necessary that the correlation
between temperature and Young’s modulus is known. For
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this reason, according to the method of the related art, it is
necessary to experimentally obtain Young’s modulus at high
temperature in advance.

When a test at high temperature exceeding 1000° C. is
needed for a material, such as a turbine blade material, since
the temperature of the end portion of the test specimen
becomes about 600 to 700° C., heat resistance up to such
temperature is needed for the horn which comes into direct
contact with the test specimen (NPL 2).

Since the vibrator which is attached to the other end
surface of the horn is susceptible to heat, heat insulation
performance is also needed for the horn. For heat insulation,
although a method in which a hole is provided in a jig to
transmit cooling water therethrough for water cooling is
used, in the case of the horn, since fast vibration occurs, a
connection portion of a cooling water pipe may be damaged.
That is, in the case of the ultrasonic fatigue test, water
cooling of the horn is a risky alternative which may cause
leakage of water.

Since the ultrasonic fatigue test is a testing method which
controls end surface displacement to cause arbitrary stress
amplitude in the test specimen, it is indispensable to measure
end surface displacement after the device is calibrated. The
surface displacement is usually measured using a capaci-
tance sensor 129 shown in FIG. 14(a). Here, reference
numeral 100 represents an ultrasonic fatigue testing device,
reference numeral 102 represents an ultrasonic oscillation
device, reference numeral 103 represents a horn, reference
numeral 106 represents a test specimen, and reference
numeral 129 represents a displacement sensor (capacitance
sensor).

When there is no free end, a ring-shaped capacitance
sensor 130 shown in FIG. 14(b) is used, thereby measuring
the end surface displacement.

However, since the capacitance sensor has a small work-
ing distance (the distance to a measurement surface), it is not
possible to use the capacitance sensor when a measurement
target is at high temperature.

In the case of a laser displacement meter, since a working
distance is large, even if a measurement target is at high
temperature, a measurement is possible. However, in the
case of the laser displacement meter, usually, since a mea-
surement is made using a free end in an image shown in FIG.
14(a), when there is no free end, it is not possible to measure
displacement.

When performing a test at high temperature, it is neces-
sary to measure the temperature at the center of the test
specimen and to control the temperature to a predetermined
temperature. Although the most reliable temperature mea-
surement method is a method which uses a thermocouple, in
the case of the ultrasonic fatigue test, since disconnection
due to vibration occurs, a temperature measurement using a
thermocouple is not suitable.

Accordingly, as alternative means, a method which uses a
radiation thermometer capable of performing a temperature
measurement in a noncontact manner is considered. How-
ever, in the temperature measurement using the radiation
thermometer, measurement errors associated with visual
field defect and emissivity change cause a problem.

Although the radiation thermometer is a thermometer
which measures temperature from the amount of infrared
rays emitted from the measurement surface, since a test
specimen which is normally used in an ultrasonic fatigue test
has a round rod shape and the measurement surface thereof
is curved, the diameter of a central part (minimum cross-
sectional area part) subjected to a temperature measurement
is very small, about 3 mm. For this reason, even if the visual

20
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field (measurement range) is narrowed to about 1 mm using
a high-precision radiation thermometer, it is not possible to
receive all infrared rays to be irradiated, and an error occurs
in the measured temperature. This is a problem of visual
field defect.

It is necessary to set emissivity so as to convert the
amount of infrared rays to temperature. Since emissivity is
significantly affected by the material or state of the mea-
surement surface, when the test specimen is heated, emis-
sivity changes over time due to surface oxidization. An error
which occurs due to emissivity change causes a significant
problem.

SUMMARY OF INVENTION

The invention has been accomplished in consideration of
the above-described situation, and an object of the invention
is to provide a method for ultrasonic fatigue testing at high
temperature and a testing device without needing prelimi-
nary Young’s modulus measurement.

Another object of the invention is to provide a method for
ultrasonic fatigue testing at high temperature and a testing
device capable of securing heat insulation for protecting a
vibrator without needing water cooling of a horn.

Still another object of the invention is to provide a method
for ultrasonic fatigue testing at high temperature and a
testing device capable of measuring end surface displace-
ment of a test specimen in a noncontact manner.

Yet another object of the invention is to provide a method
for ultrasonic fatigue testing at high temperature and a
testing device capable of solving problems regarding a
noncontact temperature measurement of a test specimen and
temperature control.

Solution to Problem

The inventors have conducted intense analyses so as to
solve the above-described problems. As a result, a substan-
tiative experiment has been made with a plurality of mate-
rials and conditions in the following configuration, and a
result well-matched with the fatigue test result in the method
of the related art has been obtained. That is, it has been
successfully verified that a correct fatigue test result has
been obtained by the testing method and device of the
invention, and the invention has been completed.

In order to solve the above-described problem, there is
provided a method for ultrasonic fatigue testing at high
temperature, in which Young’s modulus corresponding to
temperature is calculated from a measurement result of a
resonance frequency by inverse calculation, and a fatigue
load condition is controlled.

In the method for ultrasonic fatigue testing at high tem-
perature, it is preferable that rods and horns are attached to
both ends of a test specimen to secure temperature symmetry
of the test specimen.

In the method for ultrasonic fatigue testing at high tem-
perature, it is preferable that laser light is irradiated from an
oblique direction using a laser displacement meter, and laser
light reflected in the same direction is received to measure
end surface displacement of the test specimen.

In the method for ultrasonic fatigue testing at high tem-
perature, it is preferable that a black-body coating is coated
on the test specimen using a two-color radiation thermom-
eter to measure and control the temperature at the center of
the test specimen.

In the method for ultrasonic fatigue testing at high tem-
perature, it is preferable that high-frequency heating is
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performed using a double-wound coil with a coil interval
equal to or smaller than 20 mm.

There is provided an ultrasonic fatigue testing device
which performs the method for ultrasonic fatigue testing at
high temperature. The ultrasonic fatigue testing device
includes rods which are attached to both ends of a test
specimen, and horns which are provided at ends of the rods
opposite to the test specimen.

Advantageous Effects of Invention

According to the invention, fatigue properties at high
temperature which could be evaluated only about 107 cycles
in the related art can be evaluated up to a gigacycle region
beyond 10° cycles.

In the related art, since a fatigue test could be performed
only at low speed of about 10 to 100 Hz, when evaluating
fatigue due to fast vibration in a turbine blade or the like, it
was necessary to neglect the effect of a frequency. In
contrast, according to the invention, since a fatigue test can
be performed at high speed close to actual equipment, the
effect of the frequency can also be appropriately evaluated.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic view showing an example of a
testing device which is used in a method of the invention.

FIG. 2 is a conceptual diagram of an end surface dis-
placement measurement in the method of the invention.

FIG. 3 is a diagram showing a method which reflects laser
light irradiated from an oblique direction in the same direc-
tion.

FIG. 4 is a diagram showing a component of displacement
which is measured by the method of the invention.

FIG. 5 is a photograph of two types of double-wound coils
used so as to optimize a coil shape.

FIG. 6 shows a display screen of stress calculation soft-
ware which is used in the method of the invention. A
function of inversely calculating temperature dependency of
Young’s modulus is provided.

FIG. 7 is a graph showing comparison between Young’s
modulus obtained by the invention and the values of NPL2
and NPL3 of similar materials.

FIG. 8 is a photograph showing a specific device con-
figuration of a testing device of the invention and a mode of
a temperature distribution measurement. Nos. 1 to 12 denote
the positions of thermocouples.

FIG. 9 is a graph showing the result of comparison
between end surface displacement measured by the inven-
tion and end surface displacement measured by a normal
method.

FIG. 10 is a graph showing the result of comparison
between a measured temperature by a thermocouple under
various conditions and a measured temperature by a radia-
tion thermometer.

FIG. 11 is a graph showing the result of a fatigue test
which is performed so as to verify validity of the device of
the invention.

FIG. 12 is a schematic view of a basic configuration of a
high-temperature ultrasonic fatigue testing device.

FIG. 13 shows an hourglass fatigue test specimen.

FIG. 14 is a diagram showing a mode of an end surface
displacement measurement using a normal capacitance sen-
sor.
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6
DESCRIPTION OF EMBODIMENTS

Hereinafter, the invention will be described in detail.

In a method for ultrasonic fatigue testing at high tem-
perature of the invention, Young’s modulus corresponding
to temperature is calculated from a measurement result of a
resonance frequency by inverse calculation, and a fatigue
load condition is controlled.

In a high-temperature ultrasonic fatigue testing device of
the related art, as will be apparent from Expression (1),
Young’s modulus is required to calculate stress amplitude.
Meanwhile, Young’s modulus is not easily measured, and in
particular, a Young’s modulus measurement at high tem-
perature requires sophisticated technology.

In the ultrasonic fatigue testing device, since it is possible
to measure the resonance frequency of the entire system, it
is possible to obtain Young’s modulus by inverse calcula-
tion. In the invention, a function of inversely calculating
Young’s modulus is provided, and thus a preliminary
Young’s modulus measurement is not required.

That is, although the shoulder part length 1.2 can be
obtained by Expressions (1) to (5), L2 may also be obtained
by a measurement using the ultrasonic fatigue testing
device. The [.2 values obtained by calculation and actual
measurement are compared, and if Young’s modulus is
searched when both are identical, Young’s modulus is
obtained. This is the basic idea of the invention.

Density p which is one material constant necessary for
calculation can be easily measured, and the effect of tem-
perature is negligible. Accordingly, if Young’s modulus is
obtained by the method of the invention, each material
constant necessary for calculation can be arranged on its
own account.

FIG. 1 is a schematic view showing an example of a
testing device which is used in a method of the invention.

An ultrasonic fatigue testing device 1 includes ultrasonic
oscillation devices 2, horns 3, rods 4, cradles 5, and a test
specimen 6.

The ultrasonic oscillation device 2 includes an ultrasonic
oscillator and a vibrator.

The horn 3 has the same shape as in the related art, and
the rod 4 is connected to therebelow.

The cradle 5 supports the entire configuration including
the ultrasonic oscillation device 2, the horn 3, the rod 4, the
cradle 5, the test specimen 6, and the like.

For the test specimen 6, an hourglass test specimen shown
in FIG. 13 may be used.

As shown in FIG. 1, the device configuration has a feature
in that the rods 4 and the horns 3 are attached to both ends
of the test specimen 6, thereby securing symmetry of the
temperature distribution of the test specimen.

In the device configuration disclosed in NPL 2, there is no
rod 4, and one end surface of the test specimen 6 is a free
end. In this case, if the center of the test specimen 6 is heated
by a coil, the temperature of the end surface as the free end
increases due to the difference between thermal conduction
to the rod 4 and thermal conduction to the atmosphere. In
this way, if the temperature distribution is asymmetrical, the
distribution of Young’s modulus is also asymmetrical, mak-
ing it difficult to calculate stress.

In contrast, if the configuration shown in FIG. 1 is made,
the temperature distribution is symmetrical in a vertical
direction. Accordingly, a problem of asymmetry of the
temperature distribution is resolved.

The ultrasonic fatigue testing device 1 includes the rod 4.
When a test at 1000° C. is performed, the temperature at the
leading end of the horn becomes 600 to 700° C. For this
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reason, heat resistance is needed for the horn 3, and heat
insulation for protecting the vibrator of the ultrasonic oscil-
lation device 2 is also needed. At the time of heat insulation,
although water cooling of a jig is normally effective, in an
ultrasonic fatigue test, the jig may be damaged due to
vibration, and water cooling may result in leakage of water.
Accordingly, a round bar-shaped jig (rod 4) which is formed
of a heat resistant material is inserted between the test
specimen 6 and the horn 3 so as to solve these problems.

When the rod 4 is designed such that the resonance
frequency becomes the standard 20 kHz, the length of the
rod 4 becomes about 120 mm. If the rod 4 is inserted, even
when the end surface of the rod 4 in contact with the test
specimen 6 becomes about 600 to 700° C., the other end
surface in contact with the horn 3 becomes lower than 100°
C. That is, it is possible to secure sufficient heat resistance
without water cooling.

A temperature range which can be tested using the ultra-
sonic fatigue testing device 1 is, for example, 500 to 1500°
C.

Incidentally, in the device of NPL 2, it is inferred that a
position which is heated by a coil is shifted upward, thereby
securing temperature symmetry. However, in this method,
the distance between the center of the test specimen 6 where
temperature control is performed and the heating position is
extended. For this reason, it is disadvantageous in that
temperature control is performed so as to follow an increase
in temperature at the time of an ultrasonic test described
below. From this point, the configuration of the invention in
which the center of the test specimen 6 can be heated has an
advantage.

Although a method in which the horns 3 are attached to
both ends of the test specimen 6 is a mechanism which is
used when applying average stress, in the invention, this
mechanism is used so as to secure symmetry of the tem-
perature distribution. That is, although the rod 4 and the horn
3 are not normally required under a test condition in which
average stress is zero, in the device of the invention, the rod
4 and the horn 3 are mounted so as to secure symmetry of
the temperature distribution even under this test condition.

FIG. 2 is a conceptual diagram of an end surface dis-
placement measurement by the method of the invention. As
shown in FIG. 2(a), in the ultrasonic fatigue testing method,
laser light is irradiated from an oblique direction using a
laser displacement meter 10, and reflected laser light is
received to measure end surface displacement of the test
specimen 6.

In the invention, as shown in FIG. 2(b), laser light is
irradiated from an oblique direction using the laser displace-
ment meter 10, and laser light reflected in the same direction
is received to measure end surface displacement.

In this case, as a method of reflecting laser light in the
same direction, there are a method in which, as shown in
FIG. 3(a), a reflecting tape 11 is attached to the end surface
of the rod 4, a method in which, as shown in FIG. 3(54), an
artificial concavoconvex 12 is formed in the end surface of
the rod 4, a method in which, as shown in FIG. 3(¢), laser
light is irradiated onto a corner 13 (a joint part of the test
specimen and the rod), a method in which, as shown in FIG.
3(d), a chamfered part 14 is formed in the end surface of the
rod 4 and used as a reflecting surface of laser light, and the
like. Of these, as shown in FIG. 3(d), a method in which the
chamfered part 14 is provided in the rod 4 is optimally used.

In the method of the invention, as shown in FIG. 4,
displacement of an irradiation direction component of laser
light with respect to actual vibration is measured. In this
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case, actual displacement AO can be calculated from dis-
placement AM to be measured using Expression (6).

[Math. 6]

A40=4AM/sin 6 (6

In the method of the invention, a black-body coating is
coated on the test specimen using a two-color radiation
thermometer to measure and control the temperature at the
center of the test specimen.

First, a problem of visual field defect was solved using a
two-color radiation thermometer. Although the two-color
radiation thermometer uses a method in which two types of
infrared rays having different wavelengths are received to
perform a temperature measurement, since the temperature
of a part at the highest temperature in the visual field can be
measured, there is an extremely intensive effect on a prob-
lem of visual field defect.

However, even if the two-color radiation thermometer is
used, it is not possible to solve a problem of emissivity
change.

In principle, in the two-color radiation thermometer,
although setting of emissivity is not required, instead, it is
necessary to set the ratio of emissivity with respect to two
infrared rays. Since the ratio of emissivity changes with
surface oxidization, the two-color radiation thermometer
substantially has a problem of emissivity change.

Since the lower limit of temperature which can be mea-
sured by the two-color radiation thermometer is about 400°
C., the lower limit of temperature which can be controlled
becomes about 500° C.

Accordingly, as a solution to the problem of emissivity
change, a black-body coating having a high heat resistant
temperature is coated on the surface of the test specimen.

The black-body coating is a coating which causes a
coating film having known emissivity to be stuck to the
measurement surface, thereby solving the problem of emis-
sivity. However, in the case of a fatigue test, the coating film
may interfere with oxidization of the surface of the test
specimen, and may affect a fatigue test result. Accordingly,
in the invention, the black-body coating is coated only on an
extremely small part of the surface of the test specimen, and
the temperature of the coated location is measured.

That is, it has been studied such that at least a part of the
central part of the test specimen has no coating film, and a
fatigue test can take the effect of oxidization into consider-
ation.

In this case, since the upper limit of a heat resistant
temperature of the black-body coating is 1500° C., the upper
limit of a test temperature becomes 1500° C.

In the method of the invention, high-frequency heating is
performed using a double-wound coil with a coil interval
equal to or smaller than 20 mm.

That is, in the device configuration of the invention,
although the temperature at the center of the test specimen
6 is measured and controlled by the radiation thermometer,
when the number of turns of the coil is odd-numbered, the
coil inhibits a temperature measurement.

For example, in a triple-wound coil shown in FIG. 8, the
second coil becomes an obstacle, making it difficult to
perform a temperature measurement at the center of the test
specimen 6.

For this reason, although the number of turns of the coil
should be even-numbered, since the test specimen 6 is small,
the optimum number of turns is two as shown in FIG. 5.
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In the case of the ultrasonic fatigue test, since the fre-
quency is extremely high, the test specimen 6 itself gener-
ates heat depending on test conditions.

In order to perform temperature control so as to follow
heat generation, the coil interval of the double-wound coil is
preferably as small as possible. Specifically, it is preferable
that high-frequency heating is performed using a coil having
a coil interval equal to or smaller than 20 mm.

The invention is superior to the related art in that a

10

well-matched. In this way, it has been confirmed that reliable
Young’s modulus can be obtained by the invention.

Example 2

The device of the invention shown in FIG. 1 having the
rods and the horns attached to both ends of the test specimen
was used.

pFOblem regarding a test only of short lifespag since a 10 A mode of a temperature distribution measurement in the
high-temperature fatigue test of the related art is at low fiouration in which the rods and the h ttached to
speed can be solved at once, and performance capable of configuration i Which the rods and the Rorhs are atacie

L. . - - - both ends of the test specimen is shown in FIG. 8, and a
realizing a fast fatigue test for testing up to long lifespan in . .
a short fime is obtained. measurement result is shown in Table 1.

As a specific application example of the invention, there 15  Although Nos. 5 and 7 of FIG. 8 correspond to the
is fatigue property evaluation of a turbine blade material temperature at the leading end of the rod, since both are
requiring fatigue properties up to long ]ifespan by fast substantially matched in temperature, it can be confirmed
vibration, or the like. that the temperature distribution is symmetrical in the ver-

tical direction.
EXAMPLES 20 Although the temperature at a position closest to the
. . . . . . vibrator corresponds to No. 10, since the temperature of No.

Herelna.fte.:r, although the invention will be des.crlb.ed in 10 is substantially about 30° C. even if heating at about
more detail in connection to examples, the invention is not 1000° C. is performed, it can be confirmed that sufficient
limited to these examples. heat insulation is obtained in the device configuration of this

25
Example 1 example. - .
The temperature distribution reaches a stationary state by

Temperature dependency of Young’s modulus was lin- heating for about two hours, and thereafter, even.if I.leating
early approximated. Convergent calculation was performed is performed for up to 24 hours, the temperature distribution
using Young’s modulus measured at room temperature and 5, 15 DOt changed.
the [.2 value measured at the test temperature, and tempera- In this way, it was confirmed that it was possible to secure
ture dependency of Young’s modulus was obtained. Numeri- symmetry of the temperature distribution in the device
cal calculation was performed using the Runge-Kutta for- configuration of this example and to obtain sufficient heat
mula. resistance.

TABLE 1
Measurement Temperature (° C.) by Thermocouple
Heating Output No. No. No. No. No. No. No. No. No. No. No. No.
Time  (A) 1 2 3 4 5 6 7 8 9 10 11 12
0h 0 24 24 24 24 24 24 24 24 24 24 24 24
0.5 h 174 998 822 716 589 585 46 581 47 36 24 38 24
1h 174 996 821 715 58 583 49 578 49 40 27 41 28
2h 174 997 820 716 587 582 SO 578 49 41 31 40 31
24 h 174 997 822 714 58 584 SO 580 S50 40 31 41 31

FIG. 6 shows a display screen of produced stress calcu- Example 3
lation software. This inverse calculation function of Young’s
modulus is incorporated. FIG. 9 shows the result of comparison between end

FIG. 7 shows the result of comparison between obtained °° surface displacement measured by the configuration of
Young’s modulus and a literature value of Young’s modulus FIGS. 1 to 3 and end surface displacement measured using
of a material similar in component, microstructure, and a normal free end.
strength. Here, laser light was irradiated from a direction of 35°

Although (a) shows the results obtained for 12Cr-2W with respect to the horizontal direction, and a chamfered part
steel, this tends to match the literature value reported for 55 (FIG. 3(d)) of 35° was provided in the horn (in this case, the
ASME T91 steel well. rod) so as to be perpendicular with respect to the horn.

Although the result of this example tends to be higher at As will be apparent from FIG. 9, the measurement result
near 600° C., this is considered because, while 2% of  of the invention matches the measurement result by the
tungsten (W) is added to the material measured in this normal method well. That is, validity of the end surface
example, no tungsten is added to the material of the litera- 60 disp]acement measurement of the invention was confirmed.
ture. It is well known that, with the addition of tungsten,

Young’s modulus increases. Example 4

(b) shows the result of comparison between the result of
this example for TMS138A and the literature value for The temperature of the central part of the test specimen is
PWA1484. 65 measured by both the thermocouple and the radiation ther-

In all cases, although Ni-base single crystal alloy is a
material which is used in a turbine blade, both tend to be

mometer, and the comparison result between the measured
temperatures of both is shown in FIG. 10.
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When a single-color radiation thermometer is used, as
shown in FIG. 10(a), variation in the measured temperature
between the test specimens increases. This is because, when
the test specimen is attached to the device, the degree of
visual field defect differs slightly between test specimens.

Although the measured temperature increases as the heat-
ing time elapses, this is caused by emissivity change due to
oxidization of the surface of the test specimen.

When the two-color radiation thermometer is used, as
shown in FIG. 10(b), variation between the test specimens
decreases. Accordingly, it can be understood that the prob-
lem of visual field defect is resolved.

However, since the measured temperature increases as the
heating time elapses, the problem of emissivity change is not
resolved.

In contrast, when a black-body coating is coated on the
test specimen and a measurement is made using the two-
color radiation thermometer, as shown in FIG. 10(c), varia-
tion between the test specimens and an increase in tempera-
ture over time are not observed. Accordingly, it can be
understood that the problem of emissivity change can be
solved by coating the black-body coating.

In this case, validity of the temperature measurement
method by the radiation thermometer in the configuration of
this example was confirmed.

Example 5

In an ultrasonic fatigue test at 650° C. using 2Cr-2W steel,
in regard to followability of temperature control with respect
to heat generation of the test specimen, the result of exami-
nation on the difference between properties of two types of
coils is shown in Table 2.

In an ultrasonic fatigue test, as a measure for suppressing
heat generation of the test specimen, there is a method, such
as an intermittent test, in which oscillation and stopping are
repeated at a regular interval to reduce the effective fre-
quency. Here, the allowable fluctuation range of the surface
temperature of the test specimen is within £5° C., and how
much the effective frequency can be increased with respect
to certain stress amplitude was compared between two types
of coils.

TABLE 2
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lowability with respect to heat generation of the test speci-
men and to increase the effective rate when performing the
ultrasonic fatigue test.

From this result, validity of the use of a double-wound
coil having a small coil interval was confirmed.

Example 6

In order to examine the correlation between the fatigue
test result by the method of the invention having the con-
figuration of Examples 1 to 5 and the fatigue test result by
the normal method, the fatigue test was performed for two
types of materials of 12Cr-2W steel and Ni-base single
crystal alloy, and comparison with the normal fatigue test
results disclosed in NPLs 4 and 5 was made.

At this time, a test at 650° C. was performed for 12Cr-2W
steel, and a test at 1000° C. was performed for Ni-base single
crystal alloy.

The condition of the stress ratio R is R=-1 for complete
alternation of tension and compression in the case of 12Cr-
2W steel and R=0 for complete pulsation of only tension in
the case of Ni-base single crystal alloy.

FIG. 11 shows the fatigue test result. In the case of
12Cr-2W steel, while the result of the invention tends to be
on a somewhat high strength side, the difference from
comparison data is very small.

In regard to Ni-base single crystal alloy, the result
matches the normal fatigue test result well.

Here, in the results described in NPL 2, the result of the
ultrasonic fatigue test shows fatigue strength significantly
higher than the normal fatigue test result.

Accordingly, the result of FIG. 11 means that complete-
ness of the method and device of the invention is very high.

In this way, it was confirmed that a correct fatigue test
result was obtained by the invention.

REFERENCE SIGNS LIST

: ultrasonic fatigue testing device
: ultrasonic oscillation device

: horn

: rod

Intermittent Test Condition

Determination of Heat

*2 Generation *3
Material Temperature Stress *1 Effective Large-Width Small-Width

Type °C) (MPa) On Off Frequency Coil Coil
12Cr—2W 650 140 110 5000 0.43 kHz o o
Steel 200 2000 1.82 kHz o o
200 500 5.7 kHz X o
160 110 5000 0.43 kHz o o
200 2000 1.82 kHz X o
200 500 5.7 kHz X o

*1: Stress amplitude to be applied by the ultrasonic fatigue test (20 kHz). The condition of a stress ratio is R = -1.
*2: A test method in which oscillation and stopping are repeated at a regular interval. On is an oscillation time, and Off

is a stop time.

*3: An acceptance determination result when the allowable fluctuation range of the surface temperature is within +5°

In Table 2, while the fluctuation range of the temperature
in a coil having small width is within the allowable range
under any conditions, in a coil having large width, if an
effective rate increases, the fluctuation range exceeds the
allowable range.

That is, it can be understood that, if the coil interval is
made small, it is possible to improve temperature fol-

60

65

5: cradle

6: test specimen

10: laser displacement meter

11: reflecting tape

12: artificial concavoconvex

13: corner (joint part of test specimen and horn)
14: chamfered part



US 9,448,149 B2

13

100: ultrasonic fatigue testing device

102: ultrasonic oscillation device

103: horn

106: test specimen

127: high-frequency heating coil

128: load frame (average load applying mechanism)

129: displacement sensor

130: ring-shaped capacitance sensor

The invention claimed is:

1. A method for ultrasonic fatigue testing at high tem-
perature, wherein Young’s modulus corresponding to tem-
perature is calculated from a measurement result of a reso-
nance frequency by inverse calculation, and a fatigue load
condition is controlled, the method comprising:

(a) calculating a shoulder part length (I.2) by expressions

(1) to (5), as follows:

U”(x) + POU () + kXU x) = 0; (1

P(x)=S(x); 2)
S(x)

(3
- P
k=wmf 55
S = Zdl%coshax)a = —cosh (2 0sx<Li;and P
(x)_Z cos| (ozx)oz_ﬂcos (H]’ <x =< L1; an

5

St = %dzle <x<Ll+12

(b) measuring the shoulder part length (I.2) using an

ultrasonic fatigue testing device; and

(c) searching Young’s modulus when the shoulder part

length (L2) calculated in step (a) and the shoulder part
length (I.2) measured in step (b) are identical.

2. The method for ultrasonic fatigue testing at high
temperature according to claim 1,

wherein rods and horns are attached to both ends of a test

specimen to secure temperature symmetry of the test
specimen.

3. The method for ultrasonic fatigue testing at high
temperature according to claim 2,

wherein laser light is irradiated in an oblique direction

using a laser displacement meter, and laser light
reflected in the same direction is received to measure
end surface displacement of the test specimen.

4. The method for ultrasonic fatigue testing at high
temperature according to claim 3,

wherein a black-body coating is coated on the test speci-

men using a two-color radiation thermometer to mea-
sure and control a temperature at a center of the test
specimen.

5. The method for ultrasonic fatigue testing at high
temperature according to claim 4,

wherein high-frequency heating is performed using a

double-wound coil with a coil interval equal to or
smaller than 20 mm.

6. The method for ultrasonic fatigue testing at high
temperature according to claim 3,

wherein high-frequency heating is performed using a

double-wound coil with a coil interval equal to or
smaller than 20 mm.

7. The ultrasonic fatigue testing device which performs
the method for ultrasonic fatigue testing at high temperature
according to claim 3, the ultrasonic fatigue testing device
comprising:
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the rods; and

the horns which are provided at ends of the rods opposite

to the test specimen.

8. The method for ultrasonic fatigue testing at high
temperature according to claim 2,

wherein a black-body coating is coated on the test speci-

men using a two-color radiation thermometer to mea-
sure and control a temperature at a center of the test
specimen.

9. The method for ultrasonic fatigue testing at high
temperature according to claim 8,

wherein high-frequency heating is performed using a

double-wound coil with a coil interval equal to or
smaller than 20 mm.

10. The method for ultrasonic fatigue testing at high
temperature according to claim 2,

wherein high-frequency heating is performed using a

double-wound coil with a coil interval equal to or
smaller than 20 mm.

11. The ultrasonic fatigue testing device which performs
the method for ultrasonic fatigue testing at high temperature
according to claim 2, the ultrasonic fatigue testing device
comprising:

the rods; and

the horns which are provided at ends of the rods opposite

to the test specimen.

12. The method for ultrasonic fatigue testing at high
temperature according to claim 1,

wherein laser light is irradiated in an oblique direction

using a laser displacement meter, and laser light
reflected in the same direction is received to measure
end surface displacement of a test specimen.

13. The method for ultrasonic fatigue testing at high
temperature according to claim 12,

wherein a black-body coating is coated on the test speci-

men using a two-color radiation thermometer to mea-
sure and control a temperature at a center of the test
specimen.

14. The method for ultrasonic fatigue testing at high
temperature according to claim 13,

wherein high-frequency heating is performed using a

double-wound coil with a coil interval equal to or
smaller than 20 mm.

15. The method for ultrasonic fatigue testing at high
temperature according to claim 12,

wherein high-frequency heating is performed using a

double-wound coil with a coil interval equal to or
smaller than 20 mm.

16. The ultrasonic fatigue testing device which performs
the method for ultrasonic fatigue testing at high temperature
according to claim 12, the ultrasonic fatigue testing device
comprising:

rods which are attached to both ends of the test specimen;

and

horns which are provided at ends of the rods opposite to

the test specimen.

17. The method for ultrasonic fatigue testing at high
temperature according to claim 1,

wherein a black-body coating is coated on a test specimen

using a two-color radiation thermometer to measure
and control a temperature at a center of the test speci-
men.

18. The method for ultrasonic fatigue testing at high
temperature according to claim 17,

wherein high-frequency heating is performed using a

double-wound coil with a coil interval equal to or
smaller than 20 mm.
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19. The method for ultrasonic fatigue testing at high
temperature according to claim 1,

wherein high-frequency heating is performed using a

double-wound coil with a coil interval equal to or
smaller than 20 mm.

20. The ultrasonic fatigue testing device which performs
the method for ultrasonic fatigue testing at high temperature
according to claim 1, the ultrasonic fatigue testing device
comprising:

rods which are attached to both ends of a test specimen;

and

horns which are provided at ends of the rods opposite to

the test specimen.
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